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Abstract. We have obtained a deep radio image with
the Very Large Array at 6 cm in the Lockman Hole. The
noise level in the central part of the field is ∼ 11µJy.
From these data we have extracted a catalogue of 63 radio
sources with a maximum distance of 10 arcmin from the
field center and with peak flux density greater than 4.5
times the local rms noise. The differential source counts
are in good agreement with those obtained by other sur-
veys. The analysis of the radio spectral index suggests a
flattening of the average radio spectra and an increase
of the population of flat spectrum radio sources in the
faintest flux bin. Cross correlation with the ROSAT/XMM
X-ray sources list yields 13 reliable radio/X-ray associa-
tions, corresponding to ∼21% of the radio sample. Most
of these associations (8 out of 13) are classified as Type II
AGN.
Using optical CCD (V and I) and K′ band data
with approximate limits of V∼25.5 mag, I∼24.5 mag and
K′ ∼20.2 mag, we found an optical identification for 58
of the 63 radio sources. This corresponds to an identifica-
tion rate of ∼92%, one of the highest percentages so far
available. From the analysis of the colour-colour diagram
and of the radio flux - optical magnitude diagram we have
been able to select a subsample of radio sources whose
optical counterparts are likely to be high redshift (z>0.5)
early-type galaxies, hosting an Active Galactic Nucleus re-
sponsible of the radio activity. This class of objects, rather
than a population of star-forming galaxies, appears to be
the dominant population (>
∼
50%) in a 5GHz selected sam-
ple with a flux limit as low as 50 µJy.
We also find evidence that at these faint radio limits a
large fraction (∼60%) of the faintest optical counterparts
(i.e. sources in the magnitude range 22.5<I<24.5 mag)
of the radio sources are Extremely Red Objects (EROs)
with I-K′ >4 and combining our radio data with exist-
ing ISO data we conclude that these EROs sources are
probably associated with high redshift, passively evolving
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elliptical galaxies. The six radio selected EROs represent
only ∼2% of the optically selected EROs present in the
field. If their luminosity is indeed a sign of AGN activ-
ity, the small number of radio detections suggests that a
small fraction of the EROS population contains an active
nucleus.
Key words: cosmology:observations – galaxies: general :
starburst — quasar : general
1. Introduction
Deep radio surveys reaching flux density of few µJy have
revealed a population of faint sources in excess with re-
spect to the “normal” population of powerful radio galax-
ies. While the radio source counts above a few mJy are
fully explained in terms of a population of classical ra-
dio sources powered by active galactic nuclei (AGN) and
hosted by elliptical galaxies, below this flux starts to ap-
pear a population of star-forming galaxies similar to the
nearby starburst population dominating the Infrared As-
tronomical Satellite (IRAS) 60 µm counts. The excellent
correlation between radio and mid–infrared emission for
these objects (Condon, 1992; Yun et al., 2001) suggests
that indeed the radio emission in these galaxies is directly
related to the amount of star formation. For this reason,
faint radio surveys and identification of the optical coun-
terparts can in principle be used, together with optical
and infrared surveys, to study the evolution of the star
formation history. This would require a clear understand-
ing of the flux level at which the star–forming galaxies
do indeed become the dominant population of faint radio
sources. However, despite many dedicated efforts (see, for
example, Benn et al., 1993; Hammer et al., 1995; Grup-
pioni et al., 1999; Georgakakis et al., 2000; Prandoni et
al., 2001) the relative fractions of the populations respon-
sible of the sub-mJy radio counts (AGN, starburst, late
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and early type galaxies), are still far from being well es-
tablished.
Optical spectroscopy for a complete sample of faint ra-
dio sources would be the most direct way for a proper clas-
sification of the optical counterparts. However, the very
faint magnitudes of a significant fraction of the objects
associated to faint radio sources makes this approach dif-
ficult even for 8m–class telescopes. Alternatively, approxi-
mate classification of the counterparts can be achieved us-
ing photometric (colours) and radio (spectral index) data.
The purpose of this work is to shed some light into
the nature of these sources by studying a new faint ra-
dio sample for which we have analyzed the radio spectral
properties and derived photometric optical identifications
down to faint optical and K band magnitudes. To fur-
ther strengthen these goals, we have observed a region of
the sky at 6 cm centered in the Lockman Hole, where ex-
cellent data are already available at 20 cm (de Ruiter et
al., 1997), in the far-infrared band (Fadda et al., 2002;
Rodighiero et al. in preparation), in the near infrared and
optical bands (Schmidt et al., 1998; Lehmann et al., 2000;
Lehmann et al., 2001; Wilson et al., 2001) and in the X-ray
band (Hasinger et al., 2001). In Sect. 2 we give a general
description of the radio observations, while the radio cat-
alogue and the source counts are presented in Sect. 3. In
Sect. 4 we present the associations of the 6 cm sources
with the radio (20cm), near–infrared, optical, and X-ray
sources. Finally, Sect. 5 is devoted to the discussion of our
results, while Sect. 6 summarizes our conclusions.
2. The Radio Observations and data reduction
The VLA observations were done in three runs of eleven
hours each on January 16, 17 and 19, 1999 at 4835 and
4885 MHz with a bandwidth of 50 MHz in C configura-
tion. A total of seven pointings in a hexagonal grid with
a size of θFWHP/
√
2 ∼6.4 arcmin (where θFWHP is the
full-width at half-power of the primary beam, 9 arcmin
at 5 GHz) plus one at the center were observed for 4
hours each around the ROSAT ultra-deep HRI field cen-
ter RA(2000)= 10h52m43s, DEC(2000)= 57◦28′48′′. This
choice of pointing positions was adopted in order to obtain
a reasonably uniform rms noise level in the inner part of
the ROSAT ultra deep HRI field.
All the data were analyzed using the NRAO AIPS re-
duction package. The data were calibrated using 3C 286 as
primary flux density calibrator (assuming a flux density of
7.5103 Jy at 4835 MHz and 7.4617 Jy at 4885 MHz) and
the source 1035+564 as a phase and secondary amplitude
calibrator.
For each of the seven fields we constructed an im-
age of 1024×1024 pixels, with a pixel-size of 1.0 arcsec.
Each observation was cleaned using the task IMAGR, us-
ing a restoring beam of 4×4 arcsec. The rms noise levels
in the cleaned (not primary beam corrected) images are
uniform and of the order of 11 µJy. Finally, using the
Fig. 1. Contour plot of the 6 cm VLA image of the Lock-
man Hole. Contours are drawn starting from 4.5 times
the local rms noise (see Fig. 2) with an increasing factor
of
√
2. The circle of 10 arcmin radius shows the area used
to extract the sources.
AIPS task LGEOM, HGEOM and LTESS, we have com-
bined all the seven pointings, creating a single mosaic map
of 2048×2048 pixels. Contour plot of the mosaic map is
shown in Fig. 1.
As expected, the mosaic map has a regular noise dis-
tribution: a circular central region with a flat noise dis-
tribution, surrounded by an outer region where the noise
increases for increasing distance from the center. No struc-
tures or irregularities were found in the rms noise map.
The rms values as a function of the distance from the field
center are well fitted by the function: rms(θoff ) = 8.2 ×
10−5×θ5.05off + 11 µJy where θoff is the off-axis angle in ar-
cmin. Measurements of the rms noise at various distances
from the field center and the fitting function are shown in
Fig. 2.
Given the rapid increase of the rms noise at large off-
axis angles, we have limited the extraction of the sources
to an area with θoff ≤10 arcmin, corresponding to 0.087
square degree.
3. The Source Catalogue
3.1. Source detection
The criterion we adopted for including a source in the
catalogue is that its peak flux density, SP, is ≥4.5 times
the average rms value at the off-axis angle of the source
(see Fig. 2). In order to choose the threshold in SP we
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Fig. 2. The rms noise (in µJy) as a function of the dis-
tance from the image center. The solid line is the best fit
function rms = 8.2× 10−5 × θ5.05off + 11 µJy. The dashed
vertical line indicates the maximum distance from the cen-
ter within which the sample described in this paper has
been extracted.
analyzed the map with the negative peaks using different
threshold values (3.5, 4.0, 4.5, 5.0, 5.5 and 6 respectively).
The choice of 4.5 as threshold in SP is a compromise be-
tween a low flux limit and the necessity to keep the number
of spurious sources as low as possible. From the analysis
of the negative peaks, we are confident that at most three
or four spurious sources are present in the sample.
The sources were extracted using the task SAD (Search
And Destroy) which selects all the sources with peaks
brighter than a given level. For each selected source the
flux, the position and the size are estimated using a least
square Gaussian fit. However the Gaussian fit may be un-
reliable both for faint and bright sources. In fact the noise
map could influence the fit for faint sources (Condon,
1997), while the differences between the Gaussian beam
and the real synthesized beam could in principle influence
the goodness of a Gaussian fit even for sources with a
large signal to noise ratio (Windhorst et al., 1984). Thus,
we used SAD to extract all the sources whose peak flux
SP was greater than 3 times the local rms value. Subse-
quently, we derived the peak flux for all the sources using
a second degree interpolation (task MAXFIT). Only the
sources with a MAXFIT peak flux density ≥ 4.5 σ were
included in the final sample. Hereafter we will use the
MAXFIT peak flux density as the peak flux density SP of
the sources. For irregular and extended sources the total
flux density was determined by summing the values of all
the pixels covering the source.
With this procedure we selected 63 radio sources (2 of
which have multiple components for a total of 68 compo-
nents) over a total area of 0.087 deg2.
In Fig. 3 we plot the ratio between the total (ST) and
peak flux density (SP) as a function of the peak flux den-
Fig. 3. Ratio of the total flux, ST, to the peak flux, SP, as
a function of the peak flux SP for all the 6 cm radio sources
in the Lockman Hole. The solid lines show the upper and
lower envelopes of the flux ratio distribution containing all
the sources considered unresolved (open squares). Filled
squares show extended sources.
sity for all the radio sources. Since the ratio of the total
flux to the peak flux is a direct measure of the extension
of a radio source, it can be used to discriminate between
resolved or extended sources (i.e. larger than the beam)
and unresolved sources. To select the extended sources,
we have determined the lower envelope of the flux ratio
distribution of Fig. 3 and we have mirrored it above the
ST/SP=1 value (upper envelope of Fig. 3). We have con-
sidered extended the 12 sources laying above the upper
envelope that can be characterized by log (ST/SP) = −log
(1-0.15 / S0.3P ). However we should note that only 5 of the
12 sources classified as extended lie significantly above the
upper envelope (see Fig. 3) and can be assumed as “gen-
uine” extended sources. The other 7 sources just above the
upper envelope might also be unresolved sources whose
total flux has been overestimated due to the noise effect
(see Windhorst et al. (1984) for a detailed discussion).
Throughout the paper we have used the integrated flux
for the 12 formally extended sources and the peak flux for
the unresolved sources in all the calculations involving the
radio flux.
The catalogue with the 63 sources (68 components)
is given in Table 1. For each source we report the name,
the peak flux density SP (and relative error σSP) in mJy,
the total flux density ST in mJy and error, the RA and
DEC (J2000) and corresponding errors. Moreover, for re-
solved sources we also report the full width half maximum
(FWHM) of the non deconvolved major and minor axes
(θM and θm in arcsec) and the position angle PA of the
major axis (in degrees, measured east to north).
All the errors in the source parameters were deter-
mined following the recipes given by Condon (1997). Also
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Fig. 4. Distribution of peak flux densities for 6 cm radio
sources in the Lockman Hole
in the calculation of the flux error we used the integrated
flux for extended sources and the peak flux for unresolved
sources. For the latter sources we used θM = θm = FWHM
of synthesized beam = 4 arcsec.
The different components of multiple sources are la-
beled “A”, “B”, etc., followed by a line labeled “T” in
which flux and position for the total sources are given.
Fig. 4 illustrates the distributions of peak flux densities
for the 63 sources in the catalogue.
3.2. Position Errors
The projection of the major and minor axis errors onto
the right ascension and declination axes produces the total
rms position errors given by Condon et al. (1998)
σ2α = ε
2
α + σ
2
x0 sin
2(PA) + σ2y0 cos
2(PA) (1)
σ2δ = ε
2
δ + σ
2
x0 cos
2(PA) + σ2y0 sin
2(PA) (2)
where (εα, εδ) are the “calibration” errors, σ
2
x0 =
θ2M/(4ln2)ρ
2, σ2y0= θ
2
m/(4ln2)ρ
2 with ρ the effective signal
to noise ratio as defined in Condon (1997).
The mean image offset < ∆α >, < ∆δ > (defined
as radio minus optical position) and rms calibration un-
certainties ε2α and ε
2
δ are best determined by comparison
with accurate positions of sources strong enough that the
noise plus confusion terms are much smaller than the cal-
ibration terms. We used the 6 cm positions of 20 strong
compact sources (detected with SP > 6σ) identified with
point like optical counterparts in the V band CCD (i.e. we
excluded the sources that have an extended or a multiple
optical counterparts). Their offsets ∆α and ∆δ are shown
in Fig. 5. The mean offsets are < ∆α >= −0.71± 0.09′′
and < ∆δ >= −0.31± 0.09′′. These offsets have not been
applied to the radio positions reported in Table 1, but
they should be removed (adding 0.71′′ in RA and 0.31′′ in
Fig. 5. Position offset for strong point sources (20 sources
in our survey detected with SP > 6σ and with a point
like-optical counterpart in the V band CCD)
DEC at the radio position) to obtain the radio position in
the same reference frame as the optical CCD.
From the distributions of ∆α and ∆δ shown in Fig. 5
we have estimated the rms calibration errors: εα = 0.36
′′
and εδ = 0.43
′′. Since the 20 objects used for this deriva-
tion are scattered over the entire field of view, the small
values of εα and εδ show that our mosaic maps are not
affected by relevant geometric distortions induced by the
approximation of a finite portion of the spherical sky with
a bi-dimensional plane (see Perley, 1989; Condon et al.,
1998). Using these calibration errors, positional uncertain-
ties for all sources have been calculated according to Eqs.
(1) and (2). The rms position uncertainties (σα, σδ) of all
the sources in our catalogue are reported in Table 1 (see
Cols. 8 and 9) and plotted as a function of peak flux in
Fig. 6.
3.3. Survey Completeness and Source Counts
The sample of 63 sources listed in Table 1 has been used to
construct the source counts distributions. The rms noise as
a function of distance from the center (Fig. 2) was used to
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Table 1. The 4.5σ radio sample
Name SP σSP ST σST R.A. (J2000) DEC(J200) σα σδ θM θm PA
(mJy) (mJy) (mJy) (mJy) (′′) (′′) (′′) (′′) deg
LOCK 6cm J105135+572739 0.079 0.017 0.079 0.017 10 51 35.42 57 27 39.6 0.59 0.51 0.0 0.0 0.0
LOCK 6cm J105136+572959 0.087 0.017 0.087 0.017 10 51 36.19 57 29 59.1 0.89 0.51 0.0 0.0 0.0
LOCK 6cm J105136+573302 0.200 0.020 0.200 0.020 10 51 36.24 57 33 2.6 0.38 0.45 0.0 0.0 0.0
LOCK 6cm J105137+572940 0.948 0.017 1.214 0.022 10 51 37.01 57 29 40.6 0.36 0.43 4.7 4.2 41.7
LOCK 6cm J105143+572938 0.074 0.014 0.238 0.046 10 51 43.77 57 29 38.7 0.59 0.92 9.1 6.0 8.9
LOCK 6cm J105143+573213 0.071 0.016 0.071 0.016 10 51 43.08 57 32 13.5 0.57 0.64 0.0 0.0 0.0
LOCK 6cm J105148+573248A 2.135 0.012 3.478 0.019 10 51 44.16 57 33 14.1 0.36 0.44 24.0 5.4 9.2
LOCK 6cm J105148+573248B 0.531 0.015 0.635 0.018 10 51 48.73 57 32 48.4 0.36 0.43 4.5 4.2 -31.3
LOCK 6cm J105148+573248C 0.228 0.013 0.477 0.028 10 51 56.32 57 32 3.2 0.40 0.45 7.1 4.4 -54.1
LOCK 6cm J105148+573248T 2.135 0.012 5.032 0.027 10 51 48.73 57 32 48.4 - - - - -
LOCK 6cm J105150+572635 0.192 0.013 0.192 0.013 10 51 50.12 57 26 35.5 0.38 0.45 0.0 0.0 0.0
LOCK 6cm J105150+573245 0.094 0.014 0.141 0.021 10 51 50.32 57 32 45.3 0.43 0.56 9.4 4.5 32.4
LOCK 6cm J105156+573322 0.067 0.014 0.067 0.014 10 51 56.47 57 33 22.4 0.45 0.48 0.0 0.0 0.0
LOCK 6cm J105158+572330 0.125 0.014 0.125 0.014 10 51 58.97 57 23 30.4 0.41 0.47 0.0 0.0 0.0
LOCK 6cm J105210+573317 0.062 0.012 0.062 0.012 10 52 10.14 57 33 17.5 0.41 0.76 0.0 0.0 0.0
LOCK 6cm J105211+572907 0.485 0.011 0.485 0.011 10 52 11.02 57 29 8.0 0.36 0.43 0.0 0.0 0.0
LOCK 6cm J105212+572453 0.124 0.012 0.124 0.012 10 52 12.49 57 24 53.0 0.39 0.45 0.0 0.0 0.0
LOCK 6cm J105213+572650 0.070 0.011 0.070 0.011 10 52 13.33 57 26 50.5 0.46 0.49 0.0 0.0 0.0
LOCK 6cm J105216+573529 0.076 0.013 0.076 0.013 10 52 16.61 57 35 30.0 0.48 0.53 0.0 0.0 0.0
LOCK 6cm J105225+573322 0.928 0.012 1.625 0.021 10 52 25.63 57 33 22.5 0.36 0.43 6.1 4.5 71.4
LOCK 6cm J105226+573711 0.080 0.015 0.080 0.015 10 52 26.79 57 37 11.1 0.65 0.56 0.0 0.0 0.0
LOCK 6cm J105227+573832 0.091 0.020 0.091 0.020 10 52 27.69 57 38 32.1 0.43 0.56 0.0 0.0 0.0
LOCK 6cm J105229+573334 0.054 0.011 0.054 0.011 10 52 29.99 57 33 34.6 0.47 0.54 0.0 0.0 0.0
LOCK 6cm J105231+573027 0.068 0.011 0.068 0.011 10 52 31.13 57 30 27.1 0.48 0.63 0.0 0.0 0.0
LOCK 6cm J105231+573204 0.067 0.011 0.067 0.011 10 52 31.48 57 32 5.0 0.53 0.51 0.0 0.0 0.0
LOCK 6cm J105231+573501 0.076 0.012 0.076 0.012 10 52 31.08 57 35 1.4 0.63 0.48 0.0 0.0 0.0
LOCK 6cm J105233+573057 0.231 0.011 0.231 0.011 10 52 33.99 57 30 57.1 0.37 0.44 0.0 0.0 0.0
LOCK 6cm J105234+572643 0.054 0.011 0.054 0.011 10 52 34.84 57 26 43.6 0.43 0.54 0.0 0.0 0.0
LOCK 6cm J105235+572640 0.054 0.011 0.054 0.011 10 52 35.19 57 26 40.2 0.77 0.59 0.0 0.0 0.0
LOCK 6cm J105237+572147 0.059 0.013 0.059 0.013 10 52 37.34 57 21 47.1 0.60 0.52 0.0 0.0 0.0
LOCK 6cm J105237+573104A 4.376 0.012 5.823 0.015 10 52 36.40 57 30 46.9 0.36 0.43 4.6 4.4 -41.8
LOCK 6cm J105237+573104B 0.750 0.012 2.863 0.045 10 52 37.39 57 31 04.1 0.36 0.43 6.9 5.7 21.2
LOCK 6cm J105237+573104C 1.101 0.011 3.384 0.034 10 52 37.77 57 31 12.3 0.36 0.43 10.0 5.8 12.3
LOCK 6cm J105237+573104D 2.172 0.012 3.770 0.020 10 52 38.17 57 31 20.3 0.36 0.43 4.9 4.2 -89.1
LOCK 6cm J105237+573104T 4.376 0.012 16.452 0.044 10 52 37.05 57 30 58.8 - - - - -
LOCK 6cm J105238+572221 0.057 0.012 0.057 0.012 10 52 38.78 57 22 21.4 0.57 0.59 0.0 0.0 0.0
LOCK 6cm J105238+573321 0.053 0.011 0.053 0.011 10 52 38.00 57 33 21.4 0.50 0.51 0.0 0.0 0.0
LOCK 6cm J105239+572430 0.058 0.011 0.058 0.011 10 52 39.54 57 24 30.7 0.61 0.53 0.0 0.0 0.0
LOCK 6cm J105241+572320 0.812 0.011 0.812 0.011 10 52 41.45 57 23 20.6 0.36 0.43 0.0 0.0 0.0
LOCK 6cm J105242+571915 0.101 0.017 0.160 0.027 10 52 42.47 57 19 15.8 0.66 0.81 8.5 4.3 38.4
LOCK 6cm J105245+573615 0.239 0.013 0.239 0.013 10 52 45.35 57 36 15.9 0.38 0.44 0.0 0.0 0.0
LOCK 6cm J105249+573626 0.070 0.013 0.070 0.013 10 52 49.73 57 36 26.6 0.66 0.59 0.0 0.0 0.0
LOCK 6cm J105252+572859 0.062 0.011 0.098 0.018 10 52 52.79 57 28 59.7 0.71 0.50 6.5 4.8 84.6
LOCK 6cm J105254+572341 0.131 0.011 0.131 0.011 10 52 54.27 57 23 41.7 0.39 0.45 0.0 0.0 0.0
LOCK 6cm J105255+571950 1.015 0.017 1.015 0.017 10 52 55.32 57 19 50.6 0.36 0.43 0.0 0.0 0.0
LOCK 6cm J105259+573226 0.164 0.011 0.164 0.011 10 52 59.34 57 32 26.1 0.38 0.46 0.0 0.0 0.0
LOCK 6cm J105301+572521 0.103 0.011 0.103 0.011 10 53 1.69 57 25 21.2 0.40 0.47 0.0 0.0 0.0
LOCK 6cm J105301+573333 0.052 0.011 0.052 0.011 10 53 1.48 57 33 34.0 1.01 0.51 0.0 0.0 0.0
LOCK 6cm J105303+573429 0.067 0.012 0.067 0.012 10 53 3.38 57 34 29.1 0.50 0.51 0.0 0.0 0.0
LOCK 6cm J105303+573526 0.072 0.013 0.072 0.013 10 53 3.28 57 35 26.9 0.50 0.53 0.0 0.0 0.0
LOCK 6cm J105303+573532 0.079 0.014 0.143 0.025 10 53 3.91 57 35 32.2 0.48 0.70 6.6 4.6 -7.7
LOCK 6cm J105304+573055 0.183 0.011 0.183 0.011 10 53 4.83 57 30 55.9 0.37 0.45 0.0 0.0 0.0
LOCK 6cm J105308+572223 0.191 0.013 0.191 0.013 10 53 8.09 57 22 23.0 0.38 0.45 0.0 0.0 0.0
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Table 1. (continued)
Name SP σSP ST σST R.A. (J2000) DEC(J200) σα σδ θM θm PA
(mJy) (mJy) (mJy) (mJy) (′′) (′′) (′′) (′′) deg
LOCK 6cm J105308+573436 0.083 0.012 0.083 0.012 10 53 8.65 57 34 36.7 0.44 0.46 0.0 0.0 0.0
LOCK 6cm J105310+573434 0.064 0.012 0.064 0.012 10 53 10.57 57 34 34.8 0.47 0.53 0.0 0.0 0.0
LOCK 6cm J105312+573111 0.097 0.011 0.097 0.011 10 53 12.70 57 31 11.9 0.42 0.52 0.0 0.0 0.0
LOCK 6cm J105313+572507 0.079 0.011 0.079 0.011 10 53 13.89 57 25 7.4 0.53 0.46 0.0 0.0 0.0
LOCK 6cm J105314+572448 0.091 0.012 0.147 0.020 10 53 14.01 57 24 48.8 0.47 0.52 5.4 4.7 49.9
LOCK 6cm J105314+573020 0.093 0.012 0.143 0.018 10 53 14.20 57 30 20.6 0.51 0.48 6.1 4.0 -67.4
LOCK 6cm J105316+573551 0.088 0.015 0.088 0.015 10 53 16.74 57 35 51.7 0.54 0.58 0.0 0.0 0.0
LOCK 6cm J105317+572722 0.053 0.011 0.053 0.011 10 53 17.39 57 27 22.4 0.65 0.51 0.0 0.0 0.0
LOCK 6cm J105322+573652 0.100 0.019 0.100 0.019 10 53 22.37 57 36 52.9 0.49 0.56 0.0 0.0 0.0
LOCK 6cm J105325+572911 0.200 0.012 0.200 0.012 10 53 25.30 57 29 11.5 0.38 0.44 0.0 0.0 0.0
LOCK 6cm J105327+573316 0.128 0.013 0.128 0.013 10 53 27.46 57 33 16.6 0.39 0.50 0.0 0.0 0.0
LOCK 6cm J105328+573535 0.084 0.017 0.084 0.017 10 53 28.92 57 35 35.8 0.56 0.52 0.0 0.0 0.0
LOCK 6cm J105335+572157 0.093 0.021 0.144 0.032 10 53 35.78 57 21 57.3 0.59 0.80 6.7 4.7 -31.4
LOCK 6cm J105335+572921 0.109 0.013 0.109 0.013 10 53 35.18 57 29 21.3 0.41 0.49 0.0 0.0 0.0
LOCK 6cm J105342+573026 0.124 0.014 0.124 0.014 10 53 42.08 57 30 26.5 0.43 0.46 0.0 0.0 0.0
LOCK 6cm J105347+573349 0.172 0.020 0.172 0.020 10 53 47.14 57 33 49.5 0.41 0.47 0.0 0.0 0.0
LOCK 6cm J105348+573033 0.088 0.016 0.088 0.016 10 53 48.73 57 30 33.8 0.46 0.52 0.0 0.0 0.0
Fig. 6. The position uncertainties σα and σδ for all the
sources in the 6 cm catalogue as a function of the peak
flux density SP.
obtain the detectability area as a function of flux density.
In Fig. 7 the solid angle over which a source with a peak
flux density SP can be detected is plotted as a function of
flux density.
The two sources with multiple components have been
treated as a single radio source. In computing the counts
we have used the integrated flux for extended sources and
the peak flux for unresolved sources (see Sect. 3.1 for the
definition of resolved and unresolved sources).
Fig. 7. Areal coverage of the Lockman Hole at 6 cm rep-
resented by the solid angle over which a source with peak
flux SP can be detected.
3.3.1. Completeness
Before discussing the source counts (see next Section) we
describe here the simulations that we performed in order
to estimate the combined effect of noise, source extrac-
tion technique and resolution bias on the completeness of
our sample. We constructed a simulated sample of radio
sources down to a flux level of 0.025 mJy with a density
in the sky given by N(>S) = 0.42 × (S/30)−1.18 (where
N(>S) is the number of sources (arcmin)−2 with total flux
greater than S in µJy, Fomalont et al., 1991) and an ap-
propriate angular size distribution. Using the relation re-
ported by Windhorst et al. (1990) between the median an-
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gular size (θmed) and the radio flux θmed = 2
′′ S0.301.4GHz we
estimated a median angular size between 0.95′′ and 1.54′′
in the flux interval S5GHz = 0.05 - 0.25 mJy where we have
∼90% of our sources (56/63). The 5 GHz flux density of
our survey were transformed to 1.4 GHz using a radio
spectral index αr=0.4. Following Windhorst et al. (1990)
we have assumed h(θ)=exp(-ln2 (θ/θmed)
0.62) for the in-
tegral angular distribution. We injected the sources simu-
lated with the above recipes (each of them with known flux
density and size) in the CLEANed sky images of the field.
Then these sources were recovered from the image using
the same procedure adopted to extract the real sources
(see Sect. 3.1) and binned in flux intervals. We repeated
this simulation five times. From the comparison between
the total number of sources detected in each bin (from the
five simulations) and the total number of sources in the
input sample in the same bin we calculated the correction
factor C to be applied to our observed source counts due
to the incompleteness of the survey.
3.3.2. Source counts
For comparison with other 6 cm studies, the source counts
are normalized to a non evolving Euclidean model which
fits the brightest sources in the sky. At 6 cm the stan-
dard Euclidean integral counts are N(>S6 cm)=60×S−1.56 cm
sr−1, with S6 cm expressed in Jy. The results are given
in Table 2 where, for each bin, we report the flux inter-
val, the average flux, the number of sources detected (N),
the correction factor C, the number of sources after that
the correction factor has been applied (Nc), the expected
number of sources for a static Euclidean universe (Nexp)
and the normalized counts Nc/Nexp. The estimated er-
ror is N
1/2
c /Nexp. The average flux in each bin has been
assumed equal to the geometric mean of the bin flux lim-
its. Since in the flux interval sampled in our survey (∼0.1
- 1.0 mJy) the best fit slope γ of the normalized differ-
ential counts (dN/dS ∝S−γ) is γ ∼2.0 (Donnelly et al.,
1987), this assumption is formally correct. In fact, only
when γ=2.0 the value of the average flux is equal to the
geometric mean (Windhorst et al., 1984).
Our results are compared with previous work in Fig. 8.
In this figure we show only the source counts below ∼100
mJy. Above this flux the source counts are well known,
with an initial steep rise between S≃10 and S≃1 Jy, a
maximum excess with respect the Euclidean prediction
between S≃1.0 Jy and S≃0.1 Jy and a subsequent con-
tinuous convergence between S≃100 and S≃3 mJy. Below
S≃3 mJy there is a clear flattening in the slope of the
6cm radio source counts (see Windhorst et al. (1993) for a
review of the radio source counts at different frequencies
down to the microjansky level).
As illustrated in figure, there is a reasonably good
agreement between the Lockman 6 cm counts and those
obtained by other surveys in the same flux range, con-
firming that there is no strong indication for a significant
Fig. 8. Differential 6 cm source counts normalized to a
Euclidean Universe. Filled circles are our 6 cm counts in
the Lockman Hole. The open points come from Donnelly
et al. (1987); Fomalont et al. (1991); Wroble & Krause
(1990) and Partridge et al. (1986). The six points above
15 mJy come from Altschuler (1986).
change in slope in the 6 cm counts between ∼0.1 and 1
mJy. Although the statistics is relatively poor, a possible
flattening in the differential counts is instead suggested at
fluxes below ∼ 0.1 mJy.
4. Radio, optical and X-ray associations
4.1. Coincidences with 20 Centimeter Sources
Forty-four of the 149 sources in the 4σ radio sample at 20
cm published in de Ruiter et al. (1997) are within the 6 cm
map. Two of these sources have more than one component
(sources 71 and 99, see Table 1 in de Ruiter et al., 1997).
When a compact 20 cm radio source is within 5′′ from the
6 cm position, we accepted it as a real coincidence. Thus
a 6 cm source was considered to be the counterpart of a
20 cm source only if the difference in position was signifi-
cantly less than the one beam radius (the 20 cm map has
been restored with a beam of ∼ 12′′, see de Ruiter et al.,
1997). However, for extended 20 cm radio sources, we al-
lowed a maximum distance of 10′′ between the 20 cm and
6 cm positions. This is a necessary requirement in order
not to miss 20-6 cm coincidences of low surface brightness
sources. We find a total of 32 coincidences. Except for a
few extended sources, the 20−6 cm positional correspon-
dence is usually better than 3 arcsec. No other pair of 6-20
cm sources has been found at distances in the range 5-10
arcsec.
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Table 2. Counts of radio sources
Flux Density Number C Corrected Nexp Nc/Nexp
Range Average Sources Number
(mJy) (mJy) (N) Sources (Nc) (×10
−2)
0.050 0.075 0.061 18 1.26 22.7 1135 2.00±0.42
0.075 0.113 0.092 17 1.10 18.7 1064 1.75±0.41
0.113 0.169 0.138 12 1.05 12.6 602 2.09±0.58
0.169 0.253 0.207 9 1.00 9.0 330 2.72±0.91
0.253 1.281 0.569 4 1.00 4.0 362 1.10±0.55
1.281 21.895 5.296 3 1.00 3.0 34 8.82±5.09
Since the 6 and 20 cm surveys have two different beams
(4×4 arcsec and 12×12 arcsec respectively), the spectral
indices α (S∝ ν−α) for all the coincidences were calculated
using the total 20 cm fluxes reported in de Ruiter et al.
(1997) and the integrated 6 cm fluxes obtained after con-
volving the 6 cm map with the same beam width as the
20 cm image. For 42 of the 63 radio sources the differences
between the 6 cm fluxes obtained from the maps with the
two different beam sizes are smaller than 20%, while only
4 sources show a difference between the two fluxes greater
than a factor 1.7 (up to a factor 2.1). However these 4
sources have all a radio flux density lower than 0.1 mJy
and have not been considered in the statistical analysis of
the radio spectral index (see Sect. 5.1). The error in each
calculated value of spectral index was computed by taking
the quadrature sum of the relative errors in the two flux
densities S1 and S2 :
σα =
√
(σS1/S1)
2 + (σS2/S2)
2/(ln ν2 − ln ν1) (3)
with ν1 = 1490 MHz and ν2 = 4860 MHz. For the 6 cm
sources without a 20 cm counterpart, we calculated a 4σ
20 cm upper limit using σ(µJy) = 0.14r2 - 1.78r +34.4,
where r is the distance (in arcmin) from the 20 cm image
center (de Ruiter et al., 1997).
The results of the 20−6 cm cross-correlation are sum-
marized in Table 3, where, for each 6 cm source we report
the optical identification (Cols. 2–9, see below), the name
of the 20 cm counterpart (from Table 1 of de Ruiter et al.,
1997), the 20 cm flux density (or 4σ upper limit), the radio
spectral index (or upper limit) and the distance between
the two radio positions.
The two 20 cm sources with more than one compo-
nent (71 and 99) have been associated with multi com-
ponent 6 cm sources. In particular the triple source 71
has been associated with the three component LOCK 6cm
J105148+573248. For this source we found a good agree-
ment between the position of the components detected at
the two radio frequencies. More complex is the situation
for the other source (99). This double source at 20 cm has
been resolved into a four component source (LOCK 6cm
J105237+573104) in the 6 cm map.
Fig. 9. 6 cm radio contour plot of the sources LOCK 6cm
J105237+573104 and LOCK 6cm J105233+573057 super-
imposed on the V band CCD image. The three + symbols
represent the position of the 20 cm source 99 (99a, 99* and
99b for increasing RA), while the symbol X represents the
position of the X-ray source 116 identified by Lehmann et
al. (2000) with the galaxy near the radio centroid.
Moreover, a new, relatively bright radio source
(LOCK 6cm J105233+573057, Stotal=0.241 mJy) has
been detected at a distance of 25′′ from the geometric
center of the multiple source. This new radio source has
a very unusual inverted radio spectral index (αr < −0.48)
and an optical counterpart that shows a clear extension in
the direction of the multiple radio source. A 6 cm contour
plot superimposed on the V band CCD image is shown in
Fig. 9.
For the two multiple sources we report in Table 3 only
the spectral index derived from the total integrated flux.
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4.2. Optical identification of 6 cm radio sources
The entire 6 cm field is covered by V and I CCD data
collected at the Canada-France-Hawaii Telescope (CFHT)
with the UH8K camera (see Wilson et al. (2001) and
Kaiser et al. (2001) for a description of these data). The
approximate limits in the two bands are V∼25.5 mag and
I∼24.5 mag for point sources (Vega - magnitude). The
CCD field is 30′× 30′ around the ROSAT ultra deep HRI
and 6 cm field center. Moreover, a mosaic of K′-band im-
ages (from the Omega-Prime camera on the Calar Alto
3.5-m telescope) covering the field in a non-uniform fash-
ion with gaps in between is also available (see Lehmann
et al. (2000) and Schmidt et al. (1998) for a summary of
the optical available data in the Lockman Hole). The lim-
iting magnitudes of the K′ images is K′ ∼ 20.2 mag. The
typical photometric error on the V, I and K′ magnitudes
is ∼0.1 mag.
4.2.1. Identification in the V and I bands
For the optical identification of the 6 cm radio sources, we
used the likelihood ratio technique described by Suther-
land & Saunders (1992). The mean off-set between the ra-
dio and optical positions estimated in Sect. 3.2 has been
subtracted from the radio positions to compute the posi-
tional offset r. For a given optical candidate with magni-
tude m and positional offset r from the radio source po-
sition, we calculate the probability p that the true source
lies in an infinitesimal box r ± dr/2, and in a magnitude
interval m ± dm/2; on the assumption that the positional
offsets are independent of the optical properties p is given
by:
p = q(m) dm× 2pi r f(r) dr, (4)
where f(r) is the probability distribution function of the
positional errors, assumed to be equal in the two coordi-
nates, with
2pi
∫ +∞
0
f(r) r dr = 1 (5)
and q(m) is the expected distribution as a function of mag-
nitude of the optical counterparts.
The likelihood ratio LR is defined as the ratio between
the probability that the source is the correct identifica-
tion and the corresponding probability for a background,
unrelated object:
LR =
q(m)f(r)
n(m)
(6)
where n(m) is the surface density of background objects
with magnitude m.
The presence or absence of other optical candidates
for the same radio source provides additional information
to that contained in LR. Thus a self-consistent formula
has been developed for the reliability of each individual
object, taking this information into account (Sutherland
& Saunders, 1992). The reliability Relj for object j being
the correct identification is:
Relj =
(LR)j
Σi(LR)i + (1 −Q)
(7)
where the sum is over the set of all candidates for this
particular source and Q is the probability that the optical
counterpart of the source is brighter than the magnitude
limit of the optical catalogue (Q =
∫mlim q(m) dm).
In order to derive an estimate for q(m) we have first
counted all objects in the optical catalogue within a fixed
radius around each source (total(m)). This distribution
has then been background subtracted
real(m) = [total(m)−n(m)∗Nradio sources∗pi∗radius2](8)
and normalized to construct the distribution function of
‘real’ identifications :
q(m) =
real(m)
Σireal(m)i
×Q (9)
where Σi is the sum over all the magnitude bins of the dis-
tribution, i.e. is the total number of objects in the real(m)
distribution.
In order to maximize the statistical significance of the
over density due to the presence of the optical counter-
parts, we have adopted for the radius the minimum size
which assures that most of the possible counterparts are
included within such radius. On the basis of the positional
uncertainties shown in Fig. 6, we have adopted a radius
of 2 arcsec. Fig. 10 shows the resulting real(m) distribu-
tion (dotted line) together with the expected distribution
of background objects (solid line), i.e objects unrelated to
the radio sources . The smooth curve fitted to the real(m)
distribution (dot dot dot dashed line) has been normal-
ized according to Eq. (9) and then used as input in the
likelihood calculation. The total number of objects in the
real(m) distribution is 48.8 ± 8.7. Since the number of ra-
dio sources is 63, this corresponds to an expected fraction
of identifications above the magnitude limit of the opti-
cal catalogue of the order of (77 ± 14) %. On this basis
we adopted Q = 0.8. This value is also in agreement with
the results obtained by Hammer et al. (1995) for the ra-
dio sources in the Canada-France Redshift Survey and by
Fomalont et al. (1997) and Richards et al. (1998) for the
radio sources in the Hubble Deep Field (HDF). Using I
band CCD data with a magnitude limit of I ∼ 24.5 mag
Hammer et al. found 32 optical identifications for 36 ra-
dio sources with S5.0 GHz > 16µJy, while Richards et al.
found 26 optical counterparts down to I=25 mag for 29
radio sources with S8.5 GHz > 9µJy.
However, to check how this assumption could affect
our results, we repeated the likelihood ratio analysis using
different values of Q in the range 0.5–1.0. No substantial
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Fig. 10. Magnitude distributions of background objects
(solid line) and ’real’ detections (real(m) ,dotted line) es-
timated from the optical objects detected in the I band
within a radius of 2 arcsec around each radio sources. The
smooth curve fitted to the real(m) distribution (dot dot
dot dashed line) has been normalized according to Eq. (9)
and then used as input in the likelihood calculation.
difference in the final number of identifications and in the
associated reliability (see below) has been found.
As probability distribution of positional errors we
adopted a Gaussian distribution with standard deviation,
σ, which takes into account the combined effect of the
radio and the optical positional uncertainties:
f(r) =
1
2piσ2
exp(
−r2
2σ2
) (10)
For each source the value of σ used is the average value be-
tween σx =
√
er2op + σ
2
α and σy =
√
er2op + σ
2
δ , where erop
is the error on the optical position (we assumed a value of
0.5 arcsec), while σα and σδ are the radio positional errors
in RA and DEC reported in Table 1.
Having determined the values of q(m), f(r) and n(m),
we computed the LR value for all the optical sources
within a distance of 5 arcsec from the radio position. Once
that the LR values have been computed for all the optical
candidates, one has to choose the best threshold value for
LR (Lth) to discriminate between spurious and real identi-
fications. The choice of Lth depends on two factors: first, it
should be small enough to avoid missing many real identi-
fications and having a rather incomplete sample. Secondly,
Lth should be large enough to keep the number of spuri-
ous identifications as low as possible and to increase the
reliability.
As LR threshold we adopted Lth=0.2. With this value,
according to Eq. (7) and considering that our estimate
for Q is 0.8, all the optical counterparts of radio sources
with only one identification (the majority in our sample)
and LR > LRth have a reliability greater than 0.5. This
choice also approximately maximizes the sum of sample
reliability and completeness.
With this threshold value we find 56 radio sources with
a likely identification (three of which have two optical can-
didates with Lth >0.20 for a total of 59 optical candidates
with Lth >0.20).
The reliability (Rel) of each of these optical identifica-
tions (see Eq. 7) is always high (>95 per cent for most of
the sources), except for the few cases where more than one
optical candidate with Lth >0.20 is present for the same
radio source.
The number of expected real identifications (obtained
adding the reliability of all the objects with Lth >0.20) is
about 53 i.e we expect that about 3 of the 56 proposed
radio-optical associations may be spurious positional coin-
cidences. Similar results are obtained using the catalogue
in the V band. The results of the optical identification are
summarized in Table 3. For each radio source we report all
the optical counterparts within 3 arcsec and with a magni-
tude I≤24.5 plus two objects which, having I>24.5 mag,
are too faint for a reliable determination of their likeli-
hood ratio, but we however considered as likely identifica-
tion because of their small distance (lower than 0.6 arcsec)
from the radio position (LOCK 6cm J105158+573330 and
LOCK 6cm 105259+573226).
In the three cases in which more than one optical ob-
ject with LR > LRth have been found associated to the
same radio source, we assumed the object with the high-
est Likelihood Ratio value as the counterpart of this radio
source.
4.2.2. Identification in the K′ band
As said above, the K′ band data cover the 6 cm field in
a non-uniform fashion. For 12 of the 63 radio sources K′
band data are not available. Since all the 51 radio sources
with available K′ band data do have an optical identifica-
tion in the I band, we looked for K′ counterparts using a
maximum distance of 1.0 arcsec from the optical position.
We found a K′ counterpart for 49 of the 51 radio sources.
The same results is obtained using a search radius of 2
arcsec.
A summary of the results of our identifications is given
in Table 3. For each radio source, we give the V, I and K′
magnitude (when available), the total distance and the
distance in RA and DEC between the radio and the opti-
cal position and the Likelihood Ratio and reliability values
obtained using the I band catalogue. For the radio sources
with more than one optical counterpart we assumed as the
real identification the optical source with the highest reli-
ability. A blank field in the K′ magnitude column means
no data available.
In summary, considering as good identifications also
the two sources fainter than I∼24.5 mag, we have a pro-
posed identification for 58 of the 63 radio sources (92 per
cent): ∼54 of these are likely to be the correct identifica-
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Table 3. Optical, near infrared and 20 cm counterparts of the 6 cm sources in the Lockman Hole
NAME Va Ia K′ a ∆ ∆RA ∆DEC LR Rel. 20cm F20 F20err αr αr err ∆6− 20
(′′) (′′) (′′) Nr. mJy (′′)
LOCK 6cm J105135+572739 22.8 21.1 18.2 1.02 −0.97 0.30 8.66 0.98 59 0.190 0.030 0.63 0.21 2.6
LOCK 6cm J105136+572959 0.0b 20.4 17.8 0.81 −0.81 0.09 23.83 0.98 61 0.399 0.050 1.24 0.19 3.9
LOCK 6cm J105136+573302 0.0b 21.5 18.8 1.15 −0.67 0.94 2.69 0.93 60 0.447 0.040 1.01 0.15 0.5
0.0b 21.5 >20.2 2.70 0.27 2.69 0.01 0.00 60 0.447 0.040 1.01 0.15 0.5
LOCK 6cm J105137+572940 0.0b 20.7 17.4 1.42 −1.41 0.13 5.72 0.97 63 2.210 0.080 0.49 0.03 0.4
LOCK 6cm J105143+572938 0.0b 15.4 13.5 1.62 −0.60 2.55 24.66 0.99 69 0.421 0.040 0.52 0.19 3.3
LOCK 6cm J105143+573213 0.0b >24.5 - - <0.126 <0.65
LOCK 6cm J105148+573248T 0.0b 21.4 18.0 0.72 −0.40 0.59 7.71 0.97 71* 15.390 0.580 0.95 0.03 0.2
LOCK 6cm J105150+573245 0.0b 18.0 1.41 −0.50 1.31 1.87 0.90 <0.126 < −0.06
LOCK 6cm J105150+572635 25.4 22.8 19.3 1.03 −0.87 −0.55 33.79 0.99 72 0.216 0.060 0.00 0.26 2.0
LOCK 6cm J105156+573322 22.1 20.7 >20.2 1.54 0.37 −1.50 4.67 0.96 <0.131 <0.70
LOCK 6cm J105158+572330 >25.5 25.3 0.59 −0.57 0.14 0.00 0.00 74 0.195 0.030 0.47 0.17 0.6
LOCK 6cm J105210+573317 23.9 22.7 19.4 1.82 −0.13 −1.81 0.41 0.50 <0.131 <0.69
23.5 22.3 19.6 2.02 −1.34 1.52 0.22 0.26 <0.131 <0.69
LOCK 6cm J105211+572907 25.5 23.6 19.3 0.67 −0.64 −0.20 0.77 0.79 81 1.455 0.060 0.97 0.04 0.3
LOCK 6cm J105212+572453 21.6 19.8 17.1 0.52 −0.50 −0.14 70.21 0.99 83 0.268 0.030 0.97 0.14 3.3
LOCK 6cm J105213+572650 23.7 20.4 16.8 0.07 −0.07 0.02 57.99 0.99 <0.115 <0.79
LOCK 6cm J105216+573529 18.7 17.5 15.1 0.20 −0.20 0.00 287.12 0.99 85 0.206 0.040 1.39 0.32 4.0
LOCK 6cm J105225+573322 21.3 18.6 15.7 0.64 −0.64 −0.02 231.92 0.99 89 4.515 0.160 0.81 0.03 0.5
LOCK 6cm J105226+573711 24.8 23.4 2.18 1.97 −0.92 0.02 0.09 <0.167 <1.21
LOCK 6cm J105227+573832 24.2 22.6 1.79 −1.74 0.42 0.31 0.60 <0.182 <1.00
LOCK 6cm J105229+573334 25.1 24.1 >20.2 1.68 −1.64 0.33 0.04 0.15 <0.137 <0.98
LOCK 6cm J105231+573027 22.1 19.1 16.0 1.00 −0.60 0.80 64.56 0.99 <0.121 <0.62
LOCK 6cm J105231+573204 22.2 20.1 17.2 2.28 −0.03 2.28 0.68 0.48 <0.128 <1.15
23.6 22.2 20.1 1.64 1.64 −0.05 0.53 0.37 <0.128 <1.15
LOCK 6cm J105231+573501 21.4 19.0 17.8 0.76 −0.44 −0.63 94.10 0.99 95 0.203 0.040 0.59 0.19 3.4
21.2 18.9 17.5 2.68 2.68 −0.03 0.26 0.00 95 0.203 0.040 0.59 0.19 3.4
LOCK 6cm J105233+573057 20.2 18.5 16.0 0.89 −0.87 −0.17 144.83 0.99 <0.124 <−0.48
LOCK 6cm J105234+572643 21.8 20.3 18.1 0.43 −0.34 0.27 47.11 0.99 <0.116 <0.75
LOCK 6cm J105235+572640 21.3 19.7 17.0 1.85 1.65 −0.84 7.96 0.98 <0.116 <0.75
LOCK 6cm J105237+572147 21.8 20.0 17.2 1.26 −0.61 −1.11 17.86 0.99 <0.116 <0.63
LOCK 6cm J105237+573104T 21.8 19.0 16.0 0.23 0.10 0.20 203.41 0.99 99* 59.452 1.910 1.00 0.03 4.1
LOCK 6cm J105238+572221 >25.5 >24.5 <0.115 <0.76
LOCK 6cm J105238+573321 22.4 20.3 17.5 1.78 −1.48 −1.00 2.38 0.92 <0.138 <0.97
LOCK 6cm J105239+572430 17.8 17.2 16.0 1.12 −0.84 −0.73 237.62 0.99 100 0.144 0.030 0.92 0.22 1.3
LOCK 6cm J105241+572320 23.3 20.9 17.5 0.13 0.00 −0.13 29.55 0.99 101 1.724 0.070 0.59 0.04 0.8
a Magnitudes in all bands are Vega magnitudes
b For this source the V magnitude is not available due to a problem with the electronic readout in the CCD
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Table 3. continued
NAME Va Ia K′ a ∆ ∆RA ∆DEC LR Rel. 20cm F20 F20err αr αr err ∆6− 20
(′′) (′′) (′′) Nr. mJy (′′)
LOCK 6cm J105242+571915 18.0 16.7 14.7 1.10 −0.20 1.08 297.78 0.99 103 0.246 0.030 0.35 0.17 1.2
LOCK 6cm J105245+573615 21.8 19.2 0.61 0.33 −0.52 135.25 0.99 104 0.458 0.060 0.46 0.12 2.8
LOCK 6cm J105249+573626 25.8 22.0 18.9 0.27 0.27 −0.02 6.94 0.97 <0.170 <1.00
LOCK 6cm J105252+572859 17.8 16.5 14.2 0.17 −0.17 0.03 797.05 0.99 105 0.202 0.030 0.61 0.17 3.4
LOCK 6cm J105254+572341 23.1 20.8 18.2 0.67 −0.34 −0.58 16.99 0.99 <0.115 <−0.06
LOCK 6cm J105255+571950 24.4 22.6 18.1 0.53 −0.51 −0.14 6.65 0.97 109 2.692 0.090 0.93 0.03 0.9
LOCK 6cm J105259+573226 >25.5 24.6 20.1 0.33 0.30 0.13 0.00 0.00 113 0.285 0.040 0.38 0.13 2.4
LOCK 6cm J105301+572521 22.9 20.0 17.2 0.08 0.00 0.08 92.84 0.99 114 0.151 0.030 0.38 0.19 0.5
LOCK 6cm J105301+573333 21.8 19.2 16.3 1.22 1.21 −0.14 43.30 0.99 <0.152 <0.97
LOCK 6cm J105303+573429 25.8 23.3 18.5 0.92 0.80 −0.45 0.47 0.70 <0.161 <0.74
LOCK 6cm J105303+573526 21.8 19.8 17.1 0.93 −0.10 −0.92 34.49 0.99 <0.160 <0.71
LOCK 6cm J105303+573532 22.0 20.3 17.1 0.70 0.64 0.30 30.62 0.99 116 0.366 0.040 0.81 0.18 1.0
LOCK 6cm J105304+573055 22.2 19.0 15.8 0.44 −0.44 −0.03 167.26 0.99 119 0.440 0.040 0.69 0.10 0.3
LOCK 6cm J105308+572223 20.8 18.7 0.10 −0.10 0.00 364.69 0.99 121 0.340 0.030 0.61 0.10 0.3
LOCK 6cm J105308+573436 20.8 18.9 16.5 0.48 −0.20 −0.44 151.27 0.99 <0.166 <0.73
LOCK 6cm J105310+573434 22.9 21.9 19.2 1.89 −0.94 −1.64 0.27 0.47 <0.167 <0.75
23.2 21.7 19.6 2.16 1.71 1.33 0.10 0.18 <0.167 <0.75
LOCK 6cm J105312+573111 24.6 21.3 17.9 0.59 −0.57 −0.16 7.95 0.98 126 0.232 0.040 0.74 0.16 1.4
LOCK 6cm J105313+572507 25.9 23.7 17.5 0.66 −0.17 −0.64 0.70 0.77 <0.124 <0.41
24.7 23.0 18.0 2.48 1.28 −2.13 0.01 0.01 <0.124 <0.41
LOCK 6cm J105314+572448 23.3 20.4 0.13 0.10 −0.08 55.04 0.99 0.124 < −0.14
LOCK 6cm J105314+573020 24.3 22.8 18.8 0.99 −0.94 −0.30 2.08 0.88 127 0.292 0.040 0.62 0.15 2.4
24.4 23.3 19.8 1.59 −1.31 0.91 0.09 0.04 127 0.292 0.040 0.62 0.15 2.4
LOCK 6cm J105316+573551 19.1 18.2 16.7 0.86 −0.40 0.77 129.49 0.99 128 0.255 0.050 0.64 0.20 1.6
LOCK 6cm J105317+572722 24.2 22.9 >20.2 0.95 −0.91 −0.27 2.19 0.90 <0.132 <1.10
LOCK 6cm J105322+573652 21.8 19.2 16.4 0.53 −0.50 −0.16 128.50 0.99 <0.202 <1.00
LOCK 6cm J105325+572911 17.9 17.2 15.7 1.21 −0.87 0.84 169.03 0.99 134 0.552 0.040 0.51 0.13 1.3
LOCK 6cm J105327+573316 22.2 20.5 18.1 0.61 −0.54 −0.30 40.77 0.99 <0.173 <0.42
LOCK 6cm J105328+573535 22.2 19.4 16.4 0.55 −0.44 0.33 87.01 0.99 <0.196 <0.82
LOCK 6cm J105335+572157 25.0 24.4 2.06 0.24 2.05 0.00 0.00 <0.139 −0.01
LOCK 6cm J105335+572921 23.3 20.0 17.0 0.46 −0.34 0.31 71.86 0.99 138 0.214 0.040 0.53 0.18 1.4
LOCK 6cm J105342+573026 >25.5 23.9 20.1 0.95 0.27 0.91 0.24 0.55 142 0.274 0.040 1.08 0.20 1.2
LOCK 6cm J105347+573349 22.6 22.3 0.74 −0.70 0.22 4.64 0.96 <0.203 <0.21
LOCK 6cm J105348+573033 23.3 21.2 18.5 0.71 −0.64 0.31 14.96 0.99 <0.180 <0.80
a Magnitudes in all bands are Vega magnitudes
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tion. Moreover, for a subsample of 51 radio sources (all of
them with an optical identification in I) we have informa-
tion also in the K′ band. For this subsample we found K′
counterparts for 49 sources (96 per cent of identifications).
4.3. X-ray counterparts
The area from which we have extracted our radio cata-
logue (10 arcmin radius) has been covered by the ROSAT
Ultra Deep Survey (about 1 million seconds of exposure
with the HRI) reaching a limiting flux of about 1.2×10−15
erg cm−2 s−1 in the 0.5 - 2.0 keV energy band. The HRI
catalogue (Lehmann et al., 2001) lists 54 sources in this
area. A cross- correlation was performed between the po-
sition of the 54 X-ray sources and the 63 radio sources de-
tected at 6 cm. We find 8 reliable radio/X-ray associations
with a positional difference smaller than 5 arcsec. An ad-
ditional radio/X-ray association is found with the PSPC
source 116 (Hasinger et al., 1998) which was not detected
with the HRI. At these fluxes (S0.5−2.0 keV ∼1.2×10−15
erg cm−2 s−1, S6 cm ∼ 50µJy) the surface densities of
radio and X-ray sources are similar and the coincidences
between the samples selected at radio and X-ray frequen-
cies are about 15%. All these nine radio/X-ray sources
have been optically identified by Lehmann et al. (2000)
and Lehmann et al. (2001). The radio/X-ray associations
are given in Table 4. For each radio source we report the
radio flux, the radio spectral index αr, the I and K
′ band
magnitude, the name of the X-ray counterpart, the dis-
tance between the radio and X-ray position, the ROSAT
HRI (except for source 116 for which we have the ROSAT-
PSPC flux) 0.5-2.0 keV flux of the X-ray source in units of
10−14 erg cm−2 s−1, the optical classification (1 for Type
I AGN, 2 for Type II AGN and 3 for cluster), the redshift
and the radio luminosity in W/Hz (H0=70 km s
−1 Mpc−1,
ΩM=0.3, Ωλ=0.7).
Recently the Lockman Hole has been observed also
with the XMM-Newton satellite (Hasinger et al., 2001;
Lehmann et al., 2002). The center of the XMM-Newton
observation is coincident with the ROSAT HRI field center
and with the 6 cm survey discussed in this paper. A total
of ∼100 ksec good exposure time has been accumulated,
reaching a flux limit of 3.8× 10−16 erg cm−2 s−1 in the
0.5-2.0 keV band. Within an off-axis angle of 10 arcmin
(i.e. the same region of the sky that we used to extract
the 6 cm radio sources) a total of 106 sources have been
detected (see Lehmann et al., 2002). In addition to the 9
radio/X-ray associations already found with the ROSAT
data, there are four new radio/X-ray associations with
the XMM-Newton source list. The percentage of XMM/X-
ray sources with a radio counterpart is therefore ∼12.3
per cent (13/106). The properties of the new radio/XMM
associations are reported in the last 4 lines of Table 4.
It is interesting to note that out of 13 radio/X-
ray associations, eight (62%) are classified as Type II
AGN. Eight of the 13 radio sources are detected at
Fig. 11. The 6cm flux as a function of the radio spec-
tral index. The solid line shows the minimum value of the
spectral index below which no 20 cm detection is possible
due to the flux density limit of the 20 cm survey. The two
dashed lines are at S6 cm=0.1 mJy and at S6 cm=0.2 mJy.
both 21 and 6 cm and all of them have steep spec-
tral indices (αr >0.4). For the five sources not de-
tected at 21 cm the upper limits in αr show that two
have a flat, inverted spectrum (αr < −0.06 and αr <
0.21), while the other three can have both steep and
flat spectra. The two multiple radio sources (LOCK 6cm
J105148+573248T and LOCK 6cm J105237+573104T)
and the sources LOCK 6cm J105255+571950 and
LOCK 6cm J105347+573349 can be classified as Type
II Fanaroff-Riley (FRII) radio galaxies on the basis of
their morphology and their radio luminosity (greater than
1024.9 W/Hz, see last column of Table 4), while all the
other 9 radio/X-ray associations have radio luminosities
typical of FRI radio galaxies (L5 GHz <10
24.0 W/Hz).
5. Discussion
5.1. Radio spectral index
The spectral indices αr determined between 20 and 6 cm
are listed in Table 3. Our calculation assumes that the
radio sources have not varied significantly in the 8 years
interval between the 20 cm observations (December 1990)
and the 6 cm observations (January 1999) reported here.
As shown by Oort & Windhorst 1985 and by Windhorst et
al. (1985), a significant variability occurs in only about 5%
of the mJy and sub-mJy radio sources population. Hence,
the statistical analysis of the spectral index presented be-
low should not be seriously biased by source variability. In
our analysis we included both the measured values and the
upper limits to αr given in Table 3 and used the software
package ASURV which implements the methods described
by Feigelson & Nelson (1985) and Isobe et al. (1986).
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Table 4. Radio/X-ray associations
Radio source F6 cm αr I K
′ Nr. X ∆R-X Fxa Type z Log L5 GHz
(mJy) (′′) (W/Hz)
LOCK 6cm J105148+573248T 5.03 0.95 21.4 18.0 12 0.8 0.72 2 0.990 25.41
LOCK 6cm J105237+573104T 16.45 1.00 19.0 16.0 116 3.5 0.57 2 0.708b 25.56
LOCK 6cm J105239+572430 0.06 0.59 17.2 16.0 32 0.8 7.02 1 1.113 23.61
LOCK 6cm J105252+572859 0.10 0.41 16.5 14.2 901 1.2 0.12 2 0.204 22.07
LOCK 6cm J105254+572341 0.13 < −0.06 20.8 18.2 513 1.5 0.43 1 0.761 23.54
LOCK 6cm J105303+573532 0.14 0.81 20.3 17.1 827 2.8 0.18 2 0.249 22.42
LOCK 6cm J105316+573551 0.09 0.64 18.2 16.7 6 0.7 9.32 1 1.204 23.87
LOCK 6cm J105328+573535 0.08 <0.82 19.4 16.4 815 4.3 0.18 3 0.700b 23.24
LOCK 6cm J105348+573033 0.09 <0.80 21.2 18.5 117 1.3 0.66 2 0.780 23.41
New radio/X-ray associations found with the XMM-Newton source list
LOCK 6cm J105238+573321 0.05 <0.97 20.3 17.5 52061 2.3 0.17 2 0.707b 23.04
LOCK 6cm J105255+571950 1.02 0.93 22.6 18.1 52149 1.8 0.07 2 1.450 25.13
LOCK 6cm J105304+573055 0.18 0.69 19.0 15.8 52198 1.6 0.05 2 0.805 23.74
LOCK 6cm J105347+573349 0.17 <0.21 22.3 52048 2.5 0.21 1 2.586 24.96
a Unit of 10−14 erg cm−2 s−1. Note: The ROSAT/X-ray data, including spectroscopic classification and redshift are all taken
from Lehmann et al. (2001), except for the X-ray source 116 for which the references are Hasinger et al. (1998) and Lehmann
et al. (2000). The XMM/X-ray data are from Lehmann et al. (2003), in preparation.
b The sources J105237+573104T and J105238+573321, although with the same redshift, are not members of the cluster at
z=0.700 associated with the radio source J105328+573535. However, these three radio/X-ray sources suggest the presence of
an overdensity extending over at least a few Mpc at z∼0.7.
We first studied the dependence of the spectral index
distribution on the 6 cm radio flux. However, because of
the higher flux limit at 20 cm, if we consider all the 6 cm
radio sources, the observed distribution of the spectral in-
dices is a biased estimate of the true distribution. The
main reason for this is that, given a minimum value for
the 20 cm flux, for each value of the 6 cm flux there exists
a minimum value of the spectral index below which no 20
cm detection is possible. In Fig. 11 we plot the 6 cm flux
as a function of the spectral indices (or their upper limits).
For illustrative purpose we show (solid line) the minimum
spectral index, as a function of the 6 cm flux, for sources
which could have been detected in the more sensitive, cen-
tral part of the 20 cm image (Slim=0.120 mJy). The two
dashed lines in Fig. 11 are drawn at S6 cm=0.1 mJy and
at S6 cm=0.2 mJy. As clearly shown in Fig. 11, below
0.1 mJy there is a bias against detection of sources with
a radio spectral index flatter than ∼0.5. In fact, among
the 32 sources with S6 cm <0.10 mJy, only 8 are detected
at 20 cm. The situation is much better at S6 cm >0.10
mJy, where we have 31 sources with only 8 upper limits
and a more relaxed bias (present only between 0.1 and
0.2 mJy, see Fig. 11) against flat spectra sources. We
have therefore considered in this statistical analysis only
sources with S6 cm ≥0.10 mJy.
These sources have been divided in two flux bins
(0.1≤S6 cm <0.2 mJy and S6 cm >0.20 mJy, see dashed
lines in Fig. 11) and for each bin we have computed, tak-
ing into account also the upper limits, the median spectral
Table 5. The radio spectral index versus 6 cm radio flux
4860 MHz Flux Median Mean f(αr < 0.5)
Interval (mJy) αr med < αr >
0.1≤S<0.2 0.37 ± 0.10 0.28 ±0.08 11/19 ∼58%
0.2≤S<16.5 0.81 ± 0.14 0.73 ±0.12 3/12 ∼25%
index αr med, the mean of the spectral index distribution
< αr > and the fraction of flat and inverted spectrum
sources f(αr < 0.5). The results, reported in Table 5, sug-
gest the presence of a flattening of the radio spectral index
in the faint flux bin. The statistical significance of the dif-
ference between the spectral index distributions in the two
flux interval bins has been tested using the statistical tests
in the ASURV software package. All tests suggest that the
two distributions are different with a confidence level of
the order of 99.8% (corresponding to about 3 σ), with
mean and median spectral index flattening from ∼0.75
for S6 cm ≥ 0.2 mJy to ∼0.35 for 0.1≤S6 cm <0.2 mJy.
Also the fraction of flat spectrum sources appears to
be different in the two flux intervals, changing from ∼25%
for the brighter sample to ∼ 58% for the fainter sample.
Our results for the sources with 0.1 < S6 cm ≤0.2 mJy
are in excellent agreement with previous results in the
same flux interval (Donnelly et al., 1987) and with those
found at even fainter fluxes (Fomalont et al. (1991) for a
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Fig. 12. Magnitude distributions for the I band. The
empty histogram shows the distribution of the whole opti-
cal sample, while the filled histogram shows the distribu-
tion of the optical counterparts of the 6 cm radio sources.
sample selected at 5 GHz with 0.016 < S6 cm ≤0.2 mJy;
Richards et al. (1999) for a sample selected at 8.5 Ghz
with Smed ∼ 0.03 mJy).
Vice versa, the suggestion from our data of a steeper
average spectral index for S6 cm ≥0.2 mJy appears to be
in contrast with the conclusion reached by Fomalont et
al. (1991) and Windhorst et al. (1993). They found, in
fact, that while the median spectral index reaches the
maximum steepness in the 10-100 mJy range (see Fig. 5
in Windhorst et al., 1993), it decreases to ∼0.4 below 1
mJy and remains constant over almost a factor of 100 in
flux density down to the faintest observed level (∼ 0.016
mJy). Both our sample and those listed by Fomalont et al.
(see their Table 9) in the flux range 0.2 ≤ S6 cm ≤2 mJy
are however very small; only much larger surveys at these
fluxes could better determine at which flux the change in
the spectral properties (from steep spectra at high flux to
flat spectra at low flux) is actually occurring.
Finally we calculated the median of the spectral in-
dex distribution of the entire 6 cm sample with S6 cm ≥
0.1 mJy. The median value of the 6 cm selected sample is
0.52±0.13. This value is consistent with the general trend
of a flattening of the mean radio spectral index with in-
creasing selection frequency (Fomalont et al., 1991, Wind-
horst et al., 1993) and with the recent results of Richards
(2000), who found that, while the average spectral index
for the 1.4 GHz radio sample in the HDF is 0.85±0.2, for
the 8.5 GHz selected sample it is 0.4±0.1. This flatten-
ing of the spectral distribution is consistent with the idea
that high frequency samples preferentially select sources in
which the radio emission is dominated by a flat-spectrum
nuclear component (either a nuclear starburst with a free-
free emission or a synchrotron self-absorbed AGN) and/or
sources in which the radio emission is produced by thermal
radio emission from large-scale star formation (Windhorst
et al., 1993; Richards et al., 2000).
5.2. Magnitude distribution and colour-colour diagram
In absence of spectroscopic data, the magnitude and
colour distributions of the optical counterparts can be
used to derive some hints on the nature of faint radio
sources. The I magnitude distribution of the optical coun-
terparts of the radio sources is shown as filled histogram in
Fig. 12. The empty histogram shows the magnitude distri-
bution of the whole data set over the region covered by the
radio catalogue (a circle of 10 ′ radius). These counts are
in good agreement with the source counts found in other
surveys (Pozzetti et al., 1998). It is clear from Fig. 12 that
the I magnitude distribution of the optical counterparts
of radio sources reaches a maximum at magnitudes (I ∼
20 – 21) well above our limiting magnitude, consistently
with the fact that a large fraction of the radio sources
is optically identified (see Sect. 4.2). A similar result has
been obtained by Richards et al. (1999) in the identifica-
tion of the microjansky radio sources in the Hubble Deep
Field region. Eighty-four out of 111 radio sources have
been identified down to I=25 mag, with the bulk of the
sample identified with relatively bright (I≤22 mag) galax-
ies.
In Fig. 13 we show the V-I versus I-K′ colour for all
the radio sources in the Lockman Hole with a magnitude
measurement in all three bands (42 objects) or an upper
limit either in V or in K′ (4 objects; see symbols with ar-
rows in the figure). Typical evolutionary tracks from z=0
to z=2, computed convolving the models’ spectral energy
distributions with the appropriate filters, are shown for
elliptical galaxies (solid line: τ=0.3 IMF=Scalo age=12.5
Gyrs; dot dashed line : τ=1) and late–type (Sab–Sbc)
galaxies (dashed line: τ=10 age=12.5 Gyrs; courtesy of
L. Pozzetti).
This comparison between data and models suggests
that all (or most of) the objects above the diagonal line
(filled squares) are likely to be high redshift (z ≥ 0.5)
early–type, passively evolving galaxies. The other objects
(empty squares) can be late–type, star–forming galaxies
at all redshifts or early–type galaxies at low redshift (z ≤
0.5).
In the upper and right part of the figure we show ob-
jects for which no information in V and K′ magnitudes,
respectively, are available. This is due to the fact that the
fraction of the radio data image covered by the V and
K catalogues are ∼95% and ∼70%. These objects, shown
as circles, are tentatively assigned a classification on the
basis of the available colour (see figure caption).
5.3. Radio flux versus optical magnitude
Fig. 14 shows the 6 cm radio flux versus the I band mag-
nitude for all the 63 radio sources (I band upper limits are
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Fig. 13. V-I versus I-K′ colour for all the radio sources in
the Lockman Hole. The diagonal line represents V-K=5.2.
Typical evolutionary tracks from z=0 to z=2 are shown
for early-type galaxies (solid line: τ=0.3 IMF=Scalo
age=12.5 Gyrs; dot dashed line : τ=1) and Sab Sbc galax-
ies (dashed line: τ=10 age=12.5 Gyrs; courtesy of L.
Pozzetti). Sources above the diagonal line are likely to be
high redshift (z≥0.5) early-type galaxies and are plotted
as filled squares. Sources below the diagonal line can be
late-type, star forming galaxies at all redshifts or early-
type galaxies at low redshift (z≤0.5) and are plotted as
empty squares. In the upper and right part of the plot
we show objects (plotted as circles) for which no informa-
tion in V and K′ magnitudes, respectively, are available.
We tentatively assigned a classification on the basis of
the available colour: filled circles are sources with V-I>2.5
or I-K′ >3.0 (i.e. sources probably similar to the sources
plotted as filled squares), open circles are sources with
V-I<2.5 or I-K′ <3.0.
shown for the 5 radio sources with no optical counterpart).
Superimposed are the lines corresponding to constant val-
ues for the observed radio-to-optical ratios R, defined as
R = S × 100.4(I−12.5), where S and I are the radio flux in
mJy and the apparent magnitude of sources respectively.
The symbols are the same as those defined in the previous
figure, except for the crosses, which represent the objects
for which only an I band magnitude is available and there-
fore were not shown in the colour – colour diagram.
This figure, although limited to a relatively narrow
range of radio fluxes (see Fig. 8a in Kron et al. (1995)
for a similar plot at higher flux level), shows that the two
classes of objects defined on the basis of the colour–colour
diagram have a different distribution in the radio flux–
optical magnitude diagram. In particular, all the objects
at large radio-to-optical ratios (R ≥ 1000) have colours
typical of passively evolving galaxies at relatively high
redshift. On the basis of this plot we would conclude that
also the five radio sources without optical identification
are likely to belong to this class. No object of this class,
Fig. 14. The I band magnitude versus the 6 cm radio flux
for all the 63 radio sources. Symbols as in Fig. 13 except
for the two crosses that show the objects for which only
an I band magnitude is available and the five arrows that
show the radio sources without identification in the V I
and K′ band. The lines represent different radio to optical
ratios R, corresponding to R=1,10,102,103,104,105.
instead, appears in this plot at low values of R (R ≤ 30),
consistent with previous findings (see, for example, Grup-
pioni et al., 1999) that objects with these values of R are
mainly identified with star–forming galaxies. The situa-
tion is less well defined for intermediate values of R ( 30
< R < 1000) where the two populations defined on the ba-
sis of Fig. 13 are not clearly separated in this plot. Only
spectroscopic data can help in better defining the relative
proportions of the two populations in this range of R. In
any case, this analysis already allows us to conclude that
at least about 50% of the radio sources in a 5 GHz selected
sample with limiting flux S6 cm ≥0.05 mJy is associated
to early–type galaxies. A similar conclusion was reached
by Gruppioni et al. (1999) for a 1.4 GHz selected sam-
ple (S21cm ≥0.2 mJy), for which a substantial fraction of
spectroscopic identifications was available.
5.4. Extremely Red Radio Galaxies
In Fig. 15 we show the I-K′ colour as a function of the
radio flux, of the I magnitude and of the radio-to-optical
ratio R. While no obvious correlation is seen between I-K′
and radio flux, there appear to be significant correlations
between I-K′ and both I magnitude and radio-to-optical
ratio R.
Both of them are significant at more than 5σ level on
the basis of the Spearman rank test. A similar trend for the
optically fainter radio sources to have redder I-K colours
was found by Richards et al. (1999) in their identification
of fainter radio sources in the HDF and SSA13 fields. From
Fig. 15 it is evident that almost all the counterparts of the
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radio sources in the magnitude range 22.5<I<24.5 or with
a radio-to-optical ratio greater than 1000 are red objects
with I-K′ > 3 and that a high fraction (6/10) of these
faint objects can be classified as Extremely Red Objects
(EROs) on the basis of a colour I-K′ > 4 (McCarthy et
al., 1992; Hu & Ridgway, 1994). These EROs sources are
not present at magnitudes I brighter than I∼22.5 mag
and among sources with a radio-to-optical ratio lower than
1000.
The very red colours of EROs are well known to be
consistent with both old passively evolving distant (z >
0.8) elliptical galaxies (e.g. Cohen et al., 1999; Spinrad
et al., 1997) and dust–reddened starburst galaxies (e.g.
Cimatti et al., 1998; Smail et al., 1999). The identification
of the nature of EROs is an important test for models of
galaxy formation and evolution and therefore the relative
proportions of these two classes of objects among EROs
has been lively debated in the last few years. However,
because of the faintness of these objects in the optical
bands, very few spectroscopic confirmations were avail-
able until recently. Various authors, in absence of optical
spectroscopy, used colour-colour diagrams and the over-
all spectral energy distribution to attempt to discriminate
between passively evolving elliptical or dusty star–forming
galaxies (Pozzetti & Mannucci, 2000; Willott et al., 2001).
Very recently, Cimatti et al. (2002), on the basis of exten-
sive VLT spectroscopy of a complete sample of EROs with
K < 20 have convincingly shown that the EROs popula-
tion is indeed made up of both passively evolving elliptical
and dusty star–forming galaxies and that the two classes
of objects appear to be about equally populated and cover
a similar redshift range (0.7 < z < 1.5). The average spec-
trum of the star–forming EROs suggests a substantial dust
extinction with E(B − V ) ≥0.5.
Not yet having spectroscopic data for these radio–
selected EROs, we here try to set some constraints on
their nature using information from our own radio data
and from existing ISO data. If these sources were dusty
starbursts at z ∼ 1, from the average dust extinction of
E(B−V ) =0.5 suggested by Cimatti et al. (2002) for this
class of objects we estimated ∆I ∼ 2.7 mag and ∆(I−K′)
∼ 1.9 using the extinction law of Calzetti (1997) for ob-
jects at z∼1. A dust extinction of E(B − V ) =0.5 is in
agreement with the extinction estimated by Willott et al.
(2001) studying six extremely red sources (R − K >5.5)
from the 7C radio sample. From the fit of their spectral
energy distribution they found six best-fit galaxy models
with a dust extinction in the range 0.2≤ E(B − V ) ≤0.8.
Using the above extinction corrections the intrinsic
colours and the radio to optical ratios of the 6 EROs
here selected (2.15 < I−K′ < 4.32 and 50 < radio to
optical ratio < 1200) would become formally consistent
with those typical of late type galaxies. However, un-
der this assumption, their star formation rate (SFR) in
massive stars, estimated from the radio emission using
SFR(M ≥ 5M⊙) = L1.4/(4.0×1021WHz−1) (Cram et al.,
1998) and assuming z ∼ 1, would be in the range 100-2300
M⊙ yr
−1. Because of the well established correlation be-
tween SFR and far infrared emission (SFR(M ≥ 5M⊙) =
L60µm/(5.1×1023WHz−1); Cram et al., 1998), and assum-
ing the spectral energy distribution of M82, these values
of SFR would imply 15 µm fluxes in the range 3-70 mJy
and 90 µm fluxes in the range 10-200 mJy. However ISO
observations of this field show that none of the six radio
selected EROs selected is detected at 90 µm down to a
flux limit of ∼ 60 mJy (Rodighiero et al., in preparation)
and only two of them (LOCK 6cm J105255+571950 and
LOCK 6cm J105314+573020) are detected at 15 µm with
a flux of 1.5 and 0.7 mJy respectively, with an upper limit
of ∼ 0.30 mJy for the other four sources (Fadda et al.,
2002; Fadda et al. in preparation).
From this comparison of optical, radio and ISO data
we conclude that most of our radio–selected EROs sources
are likely not to be associated with dusty starburst galax-
ies, but rather with early-type galaxies, hosting an Active
Galactic Nucleus (AGN) responsible of the radio activity,
although some contribution from the radio emission also
from a nuclear starburst activity can not be excluded.
This conclusion is also in agreement with most of previ-
ous spectroscopic findings on the nature of extremely red
radio sources. Laing et al. (1983) showed that the light
from the reddest z ∼ 1 radio galaxies in the 3CRR sample
(3C65) is dominated by an old (∼4Gyr) stellar population.
Subsequently, two extremely red radio galaxies at z∼1.5
have been discovered in the follow up of the faint Leiden
Berkeley Deep Survey (Dunlop et al., 1996; Dunlop, 1999).
Keck spectroscopy of these galaxies shows that also in this
case their red colours are due to an old stellar population
(≥3 Gyr) and not to reddening by dust. A similar result
has been recently obtained by Willott et al. (2001) study-
ing six extremely red sources (R −K >5.5) from the 7C
radio sample. The only example so far of an extremely red
object with I−K>4 selected from a radio survey and iden-
tified with a dusty star–forming galaxy has been found by
Afonso et al. (2001) studying optical counterparts of the
radio sources from the Phoenix Deep Radio Survey (see
also Waddington et al. (1999) for a similar dusty galaxy
with I814-K=2.0 and a likely redshift of z=4.424).
Finally, it is interesting to note that the six radio se-
lected EROs represent only ∼ 2% of all the sources with
I-K′ >4 present in the area covered by the K′ data (∼
300 sources with I-K′ >4 over ∼ 220 arcmin2). This frac-
tion could approximately double if most of the five radio
sources with no I band counterpart also belong to the
EROs class, as suggested by the observed trend between
colour and I magnitude (see Fig. 15). Assuming that their
radio luminosity is due to AGN activity, the small fraction
of radio detection suggests a relatively small AGN content
in the optically/near-infrared selected EROs population.
This result is qualitatively in agreement with what sug-
gested by the recent deep X-ray surveys. In the Hubble
Deep Field North Caltech area, only 4 of the 33 EROs
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in the field have a hard X-ray detection in the ∼ 220
ksec exposure with the Chandra satellite (Hornschemeier
et al., 2001). However, it is well known that luminous ra-
dio sources have lifetimes much smaller than the age of the
early galaxies hosting these AGNs (≥3-4 Gyr). Therefore,
if individual radio sources have lifetimes of about ∼ 108
years (Condon, 1992), then the number of EROs undergo-
ing radio activity during their life would be much higher
than that observed.
6. Conclusion
We have used the VLA radio telescope to image at 6 cm
a circular region (10 arcmin radius) to a 4.5 σ limit of
∼ 50µJy in the Lockman Hole. The region is centered
around the ROSAT ultra-deep HRI field. A complete sam-
ple of 63 radio sources has been obtained. The differential
source counts are in good agreement with those obtained
by other surveys, confirming that while the slope of the
counts shows a flattening below a flux density of ∼1-3
mJy, there is no indication for a significant change in the
slope in the 6 cm counts between ∼0.1 and 1 mJy.
The availability of a 20 cm survey down to ∼0.12 mJy
in the same area (de Ruiter et al., 1997), gave us the op-
portunity to study the radio spectral index as function
of the radio flux. Dividing our 6 cm sample in two sub-
samples with fluxes lower and greater than 0.2 mJy, we
find a flattening of the radio spectral index and an in-
crease of the population of flat spectra radio sources in
the fainter flux bin. Several explanations for the observed
flattening compared with sources detected at higher flux
density level are possible, including an increasing num-
ber of synchrotron self-absorbed AGNs among the micro-
jansky population, and/or a rising component of thermal
radiation from active star formation.
Using the available optical images in V and I bands, we
performed the optical identification of the radio sources
using the Likelihood Ratio Analysis. We found a likely
optical identification for 58 of the 63 radio sources. From
the reliability associated to the likelihood analysis we esti-
mate that at most four of the proposed identifications may
be spurious and therefore the identification rate with the
“correct” optical counterpart is in the range ∼86% - 92%.
Moreover, for a subsample of 51 radio sources we have
data also in the K′ band. For this subsample we find K′
counterparts for 49 sources (96% of identifications). These
high identification rates are consistent with the observed
magnitude distribution of the optical counterparts, which
appears to reach a maximum at magnitudes (I ∼ 20 - 21)
well above the limiting magnitude of our optical data.
A cross correlation between the radio catalogue and
the ROSAT catalogue and the XMM-Newton source list
(106 sources detected in the 0.5-2.0 keV band down to a
flux limit of 3.8× 10−16 erg cm−2 s−1, Lehmann et al.,
2002) gives 13 reliable radio/X-ray associations. The per-
centages of the radio/X-ray associations are ∼ 21 per cent
of the radio sample and ∼ 12 per cent of the XMM/X-ray
sample.
From an analysis of a colour–colour diagram (V-I
versus I-K′) we divided the optical counterparts in two
classes. The objects in the first class are likely to be high
redshift (z ≥ 0.5) early–type, passively evolving galaxies,
while the objects in the second class can be both late–
type, star–forming galaxies at all redshifts and early–type
galaxies at low redshift (z ≤ 0.5). This separation in two
classes appears to have a physical basis, related to differ-
ent radio emission mechanisms, as further supported by
the fact these two classes of objects have a quite different
distribution in the radio flux–optical magnitude diagram.
In particular, all the objects at large radio-to-optical ra-
tios (R ≥ 1000) have colours typical of passively evolving
galaxies at relatively high redshift. On the basis of this plot
we suggest that also the five radio sources without optical
identification are likely to belong to this class. No object
of this class, instead, appears in this plot at low values
of R (R ≤ 30), consistent with previous findings (see, for
example, Gruppioni et al., 1999) that objects with these
values of R are mainly identified with star–forming galax-
ies. From this analysis based on colours and the radio-
to-optical ratios we conclude that at least 50% of the ra-
dio sources in a 5 GHz selected sample with limiting flux
S6 cm ≥0.05 mJy is associated to early–type galaxies. A
similar conclusion was reached by Gruppioni et al. (1999)
for a 1.4 GHz selected sample (S21cm ≥0.2 mJy), for which
a substantial fraction of spectroscopic identifications was
available.
Our data also show a significant correlation between I-
K′ colour and both I magnitude and radio-to-optical ratio
R, with the redder galaxies being associated with optically
fainter radio sources and with higher radio-to-optical ra-
tio. In particular, almost all the counterparts of the radio
sources in the magnitude range 22.5<I<24.5 are red ob-
jects with I-K′ > 3 and a high fraction (6/10) of these
red objects are EROs with I-K′ > 4. By combining our
radio data with existing ISO data we conclude that most
of our six radio–selected EROs sources are likely not to be
associated with dusty starburst galaxies, but rather with
early-type galaxies, hosting an AGN responsible of the ra-
dio activity.
The six radio selected EROs represent only∼ 2% of the
optically selected EROs present in the field. If their radio
luminosity is indeed a sign of AGN activity, the small frac-
tion of radio detections suggests that the optically/near-
infrared selected EROs population contains a relatively
small fraction of active AGN, in agreement with what sug-
gested by recent deep X-ray surveys (Hornschemeier et al.,
2001).
The very high percentage of optical identifications and
the availability of near infrared and deep X-ray data make
this sample one of the best samples of radio selected
sources available at µJy flux density level and well suited
to study in detail the nature of faint 6 cm radio sources.
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With this aim, we already obtained spectroscopic data for
about one third of the radio sample, while a programme
to obtain spectroscopic data for all the sources is ongoing.
The results of the optical spectroscopic classification and
a more detailed comparison with the XMM source list will
be presented in a forthcoming paper.
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Fig. 15. The I-K′ colour as function of the total radio flux
(top panel), of the I band magnitude (central panel) and
of the radio-to-optical ratio R (bottom panel). Symbols as
in Fig. 13. The vertical line in the central panel shows the
magnitude limit I=24.5 mag of our optical data while the
dashed slanted line shows the K′=20.2 mag limit. Sources
within the two lines can not be detected due to the mag-
nitude limits.
